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1 2 

easier to fabricate the circuit and the circuit is more 

FEEDFORWARD DISTORTION CANCELLATION stable. 

CIRCUIT BRIEF DESCRIPTION OF THE DRAWINGS 
TECHNICAL FIELD 5 FIGS. 1-4 show various feed-forward distortion can- 
This application relates to feedforward distortion cellation circuits, as in the prior art 
cancellation circuits using a pilot signal, and more par- . FIG ; 5 shows n a first embodiment of a feedforward 
ticularly to a feedforward distortion cancellation circuit distortion cancellation circuit, according to the inven- 
ting least means squared circuits in both cancellation tl0 JJ* , , , . . . . e , 
loops FIG * * shows the least means squared circuit of the 

first embodiment. 

BACKGROUND OF THE INVENTION FIG. 7 shows a second embodiment of a feedforward 

Feed-forward error control was originated by Harold distortion cancellation circuit, according to the inven- 

S. Black in 1924, a precursor by several years of his tion - 

more famous accomplishment of feedback control DETAILED DESCRIPTION OF THE 
Through 1960, it was viewed somewhat as a curiosity, INVENTION 
and was used only in the context of a McMillan circuit, , 
which fused the two Black concepts of feedback and Referring now to FIG. 5, there is shown a first em- 
feed-forward. Other feed-forward circuits have been , n bodiment of a feedforward distortion cancellation cir- 
known. See, for example, H. Seidel, "A Microwave cuit, according to the invention. The input x (81) is 
Feed-Forward Experiment," Bell System Technical applied to the input of amplifier 82, and also to the 
Journal, November, 1971, pages 2879-2899. cancellation (C) port 96 and reference (D) port 98 of a 

Such a prior art arrangement is shown in FIG. 1. first least means squared circuit 91. A pilot signal 90 is 

There is shown a feed-forward distortion cancellation 25 applied to the output of amplifier 82 and also to the 

circuit. As is shown, an input 1 (x) is applied to an am- reference (D) port 97 of a second least means squared 

plifier 2, producing a non-linear output 8 equal to Ax- circuit 92. The output of amplifier output 82 is coupled 

+ Ajx 3 . The non-linear quantity A 3 x 3 is illustrative of to the input of an attenuator 93 and to the input (A) port 

the distortions due to the non-linearities associated with 83 of the second least means squared circuit 92. The 

the amplifier 2. The output 8 is then input to an attenua- 30 output of attenuator 93 is coupled to the input (A) port 

tor 4, and a first input of a summing device 6. The feed- 94 of the first least means squared circuit 91. The output 

forward path 11 provides the quantity - A3X 3 to a sec- (B) port 85 of the first least means squared circuit 91 is 

ond input of the summing device 6, thus producing the coupled to the cancellation (C) port 99 of the second 

linear quantity Ax to the output 7. least means squared circuit 92. The output (B) port of 

A second such prior art arrangement is shown in 35 the second least means squared circuit 92 is coupled to 
FIG. 2. There is shown a feedforward distortion cancel- the output 84. The amplitude and phase of the first 
lation circuit with active control of a first cancellation cancellation signal at the cancellation port 96 of the first 
loop. This circuit is similar to the circuit of FIG. 1 least means squared circuit 91 is adjusted so that cancel- 
except that a variable attenuator and phase shifter lation of the desired signal in the sample of the output of 
22(B1) is arranged with a comparison circuit 23 and 40 amplifier 82 occurs at the output port 85. The maximum 
amplitude and phase control line 35 to maintain the attenuation obtainable by the least means squared cir- 
relationship B1*B2=A. cuit is the S/N ratio of the reference signal. The achiev- 

A third such prior art arrangement is shown in FIG. able cancellation can be less due to imperfection in the 

3. There is shown a feedforward distortion cancellation least means squared circuits. The use of attenuator 93 
circuit with active control of both cancellation loops. 45 reduces the power and linearity requirements of the 
This circuit is similar to the circuit of FIG. 2 except that active components of the first least means squared cir- 
a second variable attenuator and phase shifter 49 (B3) is cuit 91. 

arranged with a second comparison circuit 50 and a The least means squared circuit itself is shown in 

second amplitude and phase control line 56 to maintain FIG. 6. As is known in the art, the least means squared 

the relationship B3*B4=B2. 50 circuit is able to actively cancel a known signal in the 

A fourth such prior art arrangement is shown in FIG. presence of other signals. This will be explained below. 

4. There is shown a feedforward distortion cancellation The good copy of the desired signal to be cancelled is 
circuit with active control of both cancellation loops put into the cancellation (C) port 120. This signal con- 
and an identification or pilot signal, also known in the tains a sample of the reference signal. This composite 
art as a "TAG," used as a reference. Note the pilot 55 signal is split into two copies 115 and 123 that are phase- 
signal 80 is applied to the output of amplifier 62 and as shifted by 90 degrees and thus are in quadrature. These 
one input to the second comparison circuit 70. See, for two signals are then applied to two mixers (weighters) 
example, FIG. 7 in the above-cited BSTJ article by H. 124 and 125 that amplitude modulate the signal by the 
Seidel. control signals 113 and 114. The outputs 126 and 127 of 

60 the two mixers are summed together by summer 133 to 

SUMMARY OF THE INVENTION provide a copy 131 of the desired signal that is control- 

The applicant has discovered that a least mean lable in amplitude and relative phase to that of the signal 

squared circuit is well-suited for use with feedforward at the cancellation port 120. 

distortion cancellation circuits with active control of The input signal (A) 130, which contains the signal to 

both cancellation loops. Moreover, according to the 65 be cancelled and a sample of the reference signal as well 

invention, by using a pilot signal as the reference signal as other signals, is fed to the summer circuit 129 along 

in such a feedforward distortion cancellation circuit, the with the weighted copy of the cancellation signal 128. 
required level of cancellation is reduced. Also, it is The maximum magnitude of the cancellation signal 128 
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must always be greater than the input signal 130 for the 
circuit to operate properly. 

The reference signal (D) 101 is split into two signals, 
in-phase signal 103 and quadrature signal 105, which are 
input to the two correlators 106 and 107. The output of 
the summer 129 is the other input to the correlators 106 
and 107. The outputs 108 and 109 of the correlators are 
fed to integrators 111 and 112 to filter out the signals 
that are caused by the mixing of the reference signals 
with other signals. The outputs of the integrators 113 
and 114 provide the control signals to the weighters 124 
and 125. 

The sense of the feedback in the least means circuit is 
negative. As with all negative feedback circuits, the 
magnitude of the error signal is made small by using a 15 
large loop gain. For this application the error signal is 
the output (B) 110 of the summer circuit 129 which is 
connected to the input 130, and the large loop gain 
results from the use of integrators following the correla- 
tors. 20 

In FIG. 6, the amplitude and phase relationship be- 
tween the reference signal 101 and the signal desired to 
be cancelled is maintained between the input port 130 
and the cancellation port 120. As a result, as the refer- 
ence signal 101 is cancelled the cancellation component 25 
of the input signal 130 is also cancelled at the summing 
point 110. 

FIG. 7 shows a second embodiment of a feedforward 
distortion cancellation circuit, according to the inven- 
tion. The principal difference between the embodiment 30 
of FIG. 5 and the embodiment of FIG. 7 is the introduc- 
tion of a second amplifier 142 between the output (B) 
port 143 of the first least means squared circuit 151 and 
the cancellation (C) port 160 of the second least means 
squared circuit 152. As shown, pilot signal 153 is input 35 
to the output of the main forward gain amplifier 141, 
and also to the reference (D) port 154 of the second 
least means squared circuit 152. 

Assume the gain of amplifier 142 is 30 dB, and that 
the desired intermodulation ratio (IMR) of the main 40 
forward gain amplifier 141 is 60 dB. This means that the 
input signal 140 must have an inter-modulation ratio 
that is better than 60 dB. If the basic inter-modulation 
ratio of the amplifier 141 is 30 dB, the desired signal 
must be cancelled by 60 dB in the first least means 45 
squared circuit 151 if it is also used as the reference 
signal to the second least means squared circuit 152. As 
is known, such a level of cancellation is difficult to 
achieve with reasonable stability. 

By using the pilot signal available in the output (B) 50 
port 143 of the first least means squared circuit 151, 
however, it is only necessary to cancel the desired sig- 
nal by about 30 dB, or to the level of the distortion 
components. This level of cancellation is chosen to 
minimize the required cancellation of the desired signal 55 
by the second least means squared circuit. The loss of 
the desired signal is about 0.27 dB due to the 30 dB of 
cancellation in the first least means squared circuit. This 
composite signal 143 of distortion, pilot signal and at- 
tenuated desired signal is amplified by amplifier 142 and 60 
fed as the cancellation (C) signal 160 to the second least 
means squared circuit 152. The pilot signal is also ap- 
plied to the reference (D) port 154 of the second least 
means squared circuit 152. 

The amplitude and phase of this cancellation signal 65 
160 is adjusted so that the pilot signal is equal in ampli- 
tude and out of phase with the pilot signal on the output 
of the main forward gain amplifier 141. If the time de- 



lays of the two paths are matched between the point 
where the pilot signal is added and the point where the 
cancellation takes place, the amplitude and phase rela- 
tionship between the pilot signal and the distortion 
5 components will be fixed. Thus, when the pilot signal is 
cancelled the maximum, the distortion components will 
also be cancelled the maximum. Since the S/N of the 
pilot signal reference is high, an excellent cancellation 
may be obtained in the second least means squared 
circuit. The cancellation required in the second least 
means squared circuit is in the order of 30 dB to achieve 
the 60 dB inter-modulation ratio system requirement. 

As a result, by the use of a pilot signal it is thus possi- 
ble to achieve the desired 60 dB inter-modulation ratio 
without requiring either least means squared circuit 
itself to achieve more than 30 dB of cancellation. 

One application of feedforward cancellation is to 
improve the intermodulation (IM) distortion capabili- 
ties of a linear transmitter. This technique involves the 
separation of the distortion components of the amplifier 
output from the desired signal. These distortion compo- 
nents are then amplified and subtracted from the main 
amplifier output signal to provide improved inter- 
modulation characteristics. 

It should be obvious to one skilled in the art that the 
use of the least means squared circuit is also applicable 
to feedforward distortion cancellation circuits that do 
not utilize the pilot signal (TAG). With reference to 
FIG. 5, for example, this would mean pilot signal 90 
would be absent and the cancellation (C) port 99 and 
the reference (D) port 97 of the second least means 
squared circuit 92 would be coupled together by means 
of path 95 (shown in dotted lines). Similarly, with refer- 
ence to FIG. 7, this would mean the pilot signal 153 
would be absent and the cancellation (C) port 160 and 
the reference (D) port 154 of the second least means 
squared circuit 152 would be coupled together by 
means of path 157 (shown in dotted lines). 

While various embodiments of the feedforward dis- 
tortion cancellation circuit, according to the present 
invention, have been described hereinabove, the scope 
of the invention is defined by the following claims. 
What is claimed is: 

1. A feedforward cancellation circuit having an input 
signal and an output signal, the circuit comprising: 
a gain device having an input and an output, 
a first and second least means squared circuit, each 
circuit having an input port, an output port, a can- 
cellation port, and a reference port, 
said feedforward cancellation circuit input signal 
coupled to said gain device input and to said first 
least means squared circuit cancellation and refer- 
ence ports, 

said gain device output coupled to said first least 
means squared circuit input port and to said second 
least means squared circuit input port, 
said first least means squared circuit output port cou- 
pled to said second least means squared circuit 
cancellation port,' 
said second least means squared circuit output port 
coupled to said feedforward cancellation circuit 
output signal, and 
a pilot signal or "TAG" coupled to said first least 
means squared circuit input port and to said second 
least means squared circuit input port and to said 
second least means squared circuit reference port, 
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said second least means squared circuit reference port 
being electrically isolated from said second least 
means squared circuit cancellation port. 

2. The feedforward cancellation circuit of claim 1 5 
having an attenuator in series with said first least means 
squared circuit input port. 

3. A feedforward cancellation circuit having an input 
signal and an output signal, the circuit comprising: 10 

a first gain device having an input and an output, 
a second gain device having an input and an output 
a first and second least means squared circuit, each 

circuit having an input port, an output port, a can- 15 

cellation port, and a reference port, 
said feedforward cancellation circuit input signal 

coupled to said first gain device input and to said 



first least means squared circuit cancellation and 20 squared circuit input port, 
reference ports, 



said first gain device output coupled to said first least 
means squared circuit input port and to said second 
least means squared circuit input port, 
said first least means squared circuit output port cou- 
pled to said second gain device input, 
said second gain device output coupled to said second 

least means squared circuit cancellation port, 
said second least means squared circuit output port 
coupled to said feedforward cancellation circuit 
output signal, and 
a pilot signal or "TAG" coupled to said first least 
means squared circuit input port and to said second 
least means squared circuit input port and to said 
second least means squared circuit reference port, 
said second least means squared circuit reference port 
being electrically isolated from said second least 
means squared circuit cancellation port. 
4. The feedforward cancellation circuit of claim 3 
having an attenuator in series with said first least means 
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